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Method for Generating Cell Type Specific Phage Antibody Libraries 



B ACTCftROUND OF THE IN VENTION 

The invention was supported by a grant of the National Institute of 
10 Health/National Cancer Institute, Grant No. CA-42551, under which the 
government may have rights. 

Field of th e Invention 

The invention relates generally to the field of cell type specific phage 
antibody libraries, and relates specifically to the field of generating such libraries 
15 by direct affinity selection on the surface of target cells. 

Although the generation of antibody libraries, and more specifically phage 
antibody libraries, has been done for selected, purified antigens, a method for 
generating cell type specific phage antibody libraries for identifying, 
characterizing, and cloning new surface molecules on intact, whole cells has not 
20 been developed- Such cell surface molecules are likely to be mediators of 

important biological functions and may be used in clinical applications as targets 
for pharmacological intervention and surface markers for identification, 
purification, and phenotypic dissection of the target cells. 

Brief Descrip tion of Background Art 

25 The phage antibody technology is a recently developed technique that 

allows the expression of monoclonal antibodies on the surface of filamentous 
phage particles (see, for example, Smith, Science 228, 1315-1317 (1985); Barbas et 
&L, Froc Nati. Acad. Set USA 88, 7978-7982 (1991); Clackson et al., Nature 352, 
624-628(1991)). 

30 One advantage of this technology is the linkage of the specificity of a 

monoclonal antibody with the genetic information encoding the specificity in the 
same phage particle, thus allowing enrichment of specific phage antibodies by 
binding to purified antigens attached to a solid phase, followed by elution and 
amplification of the phage particles. Such a method is described in KangetaL, 

35 Pfnr.Mafl.AratLScLTJSA 88, 4363-1366 (1991). Using micropanning or affinity 
column techniques, researchers have used this technology to generate antibodies 
reactive to weU-characterized antigens that canbe purified in large quantities, 
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either as natural or recombinant products, including various haptens, tetanus 
toxoid, HIV and RSV glycoproteins, HBV core and surface antigens, progesterone, 
thyroglobulin, TNF alpha, CEA, soluble CD4, IL2R p55 chain, lysozyme, bovine 
serum albumin, trypsin,-anhydrotrypsirv and L6 tumor-associated antigen. 

5 However, none of these methods involve using the phage antibody 

technology to generate antibodies directed against previously unknown and 
unpurified antigens, including cell surface antigens. Accordingly, there remains a 
need for a method for rapidly generating monoclonal antibodies directed against 
unpurified surface antigens on phenotypically defined cell populations using this 

10 technology. 

ST TMMARY O F THE INVENTION 

The present invention involves methods for using the phage antibody 
technology to generate antibodies directed against previously unknown and 
unpurified antigens on the cell surface, e.g., as a way to discover new antigens on 

15 important cell types. Since a phage antibody may be amplified by growing the 
phage in bacteria, it is possible to recover a single phage particle specifically 
bound to an antigen in order to generate enough monoclonal antibodies for 
detailed characterization of the antigen. The high sensitivity of the method 
enables isolation of antibodies directed against an unpurified antigen in the midst 

20 of numerous background antigens. 

In the present invention, target antigens on the surface of a phenotypically 
defined population of cells are used to separate phage antibodies reactive to the 
antigens from the background. The ceU membrane of the target cells cahbe 
considered a Bolid phase support for a set of cell type specific antigens, and the 
25 intact target can be used as a convenient physical device to separate phage 
antibodies bound on the surface of the target cells from the unbound phage 
antibodies. 

The inventive method for generating antibodies against previously 
uncharacterized and unpurified antigens on the surface of target cells in a cell 

30 population includes incubating a combinatorial library of antibodies expressed on 
the surface of filamentous phage particles with a target cell population under 
conditions sufficient to bind a portion of the phage particles to the target cells. 
The target cells and bound phage particles are then separated from the unbound 
phage particles, and the bound phage particles are recovered. These phage 

35 particles are men amplified to create an enriched library. Monoclonal antibodies 
specific to the target cell are then isolated from the enriched library for 
subsequent use. 
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To selectively enrich phage antibodies direct against antigens unique to the 
target cells, the phage antibody library may be preadsorbed with an excess of 
non-target cells to immunologically remove antibodies directed against antigens 
present on non-target cells. The adsorption step may be performed after the 

5 phage antibody selection and amplification, or prior to the initial incubating step. 
Alternatively, the removal of these antibodies can be done by subtraction 
hybridization of DNA from a phage antibody library enriched with the target 
cells to DNA from a library enriched with non-target cells. The phenotypically 
defined target cell population may be isolated prior to incubating the target cells 

10 with the phage antibody library, or the target cells may be a subpopulation 

within a heterogeneous cell population and be isolated after incubating with the 
phage antibody library, thus copurifying the phage antibodies bound to the cell 
surface antigens. 

TBKTEF DESCRIPTION OP TH E FIGURES 

15 FIGURE 1 is a flow chart illustrating an embodiment of the present 

inventive method. 

FIGURE 2 is a flow chart illustrating another embodiment of the present 
inventive method. 

FIGURES 3a - 3d are histograms showing indirect immunofluorescence 
20 patterns of KGla cells and mouse thymocytes stained with the unenriched and 
enriched antibody libraries. The abscissa indicates relative fluorescence intensity, 
and the ordinate indicates relative cell number. 

nPTATT .TP DESTRTPTTON OF THE PREFERRED EMBODIMENT 

The process of the present invention includes a method to generate 
25 antibodies against cell surface antigens by direct affinity selection of phage 
antibodies on the surface of target cells. Generally, a phage antibody library is 
constructed by standard methods and an aliquot of the library is used for 
incubation with the target cells. Phage antibodies that are specific to and have a 
high affinity for antigens on the target cells will tightly bind to the cells and can be 
30 separated from the rest of the phage antibody library by washing and spinning 
down the cells. The bound phage particles can then be eluted from the cell 
surface, recovered, and amplified to yield an enriched phage antibody library. 

As illustrated in the flow chart of FIGURE 1, me present method involves a 
first step of incubating (100) a standard phage antibody library, such as a 
35 combinatorial library of antibodies expressed on the surface of filamentous phage 
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particles, with a target cell population. The cells are incubated under conditions 
sufficient to bind a portion of the phage particles to the target cells. In the 
embodiment of FIGURE 1, the target cell population is an isolated cell population. 
The process of the present invention preferably utilizes a standard combinatorial 
5 phage antibody library of 10 7 recombinants, which may be prepared using 
standard protocols, such as that described in Barbas et aL, Methods 2, 119-124 
(1991). The cell population may be isolated according to any preselected criteria. 

Following incubation (100), the target cells and the phage particles bound 
thereto are separated (102) from the unbound phage particles. Phage antibodies 

10 that are specific to and have a high affinity for antigens on the target cells will 
tightly bind to the cells and can be separated from the rest of the phage antibody 
library by centrifugating the cells through a calf serum cushion. Other standard 
separation methods known by those skilled in the relevant art may be used, 
examples including but not limited to, cell washing and centrifugation, filtration 

15 of the unbound phages through a membrane, and immobilization or capture of 
the cells on a solid phase. The separated phage particles, or phage antibodies, are 
then recovered (104). The bound phage particles may be eluted, for example 
using an acidic buffer, from the cell surface using standard methods. The 
resulting recovered phage antibodies are amplified (106) to yield an enriched 

20 phage antibody library. Repeating this enrichment step several times generates a 
phage antibody library with high specificity for surface antigens on the target 
cells. Each round of enrichment increases the representation of antibodies with 
higher affinity for the target antigens but decreases the diversity of the library. 
Thus, the amount of enrichment will depend on the particular requirements of the 

25 user. 

Once the enriched library is generated, monoclonal antibodies specific for 
the target cells are isolated (108) from the library. Thus, phage antibodies 
.reactive to antigens on the target cell population are obtained. The monoclonal 
antibodies are isolated (108) using methods known and available to those skilled 
30 in the art 

In one form of the invention, direct affinity selection of the phage 
antibodies on the cell surface is used as described substantially above. In that 
instance, a population of isolated target cells are incubated with the phage 
antibody library. The target cells maybe in the form of a cell line, or other 
35 substantially isolated population of target cells. 

In an alternative embodiment, and as illustrated in FIGURE 2, the target 
cell population is a subpopulation from a heterogeneous cell population before 
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any isolation. After incubation with the phage antibody library, the target cell 
population may subsequently be separated (110) from other cells in the 
heterogeneous population based on phenotypic distinctions, or other appropriate 
distinctions, thus copurifying the phage particles bound to the cell surface (112). 

5 Preferably, using the copurification (110) method illustrated in FIGURE 2, 

the target cells are phenotypically defined target cell subpopulations. This allows 
generation of antibodies against rare but phenotypically defined cell 
subpopulations that are too few in cell number to allow characterization by 
conventional methods. In this embodiment of the inventive method, the phage 

10 antibody library is first allowed to bind to the total and unpurified cell 

population. The target subpopulation is then physically separated from the rest 
of the cells by means of its defining phenotypic characteristics. The phage 
particles specifically bound to the surface antigens of the target cells are separated 
(112) out together with the target cell subpopulation. 

15 The separated phage particles can then be recovered (114), amplified (116), 

and used in another round of enrichment in a manner similar to that described 
above. Thus, phage antibodies reactive to antigens on the target subpopulation of 
a heterogeneous population may be selectively enriched by copurification of the 
target cells with their specific phage antibodies, exploiting the phenotypic 

20 characteristics of the target cells. Standard methods of cell separation known to 
those skilled in the art may be used. 

The method to be used for the copurification (112) step maybe any of the 
type known and available to those skilled in the art Exemplary methods 
applicable to target cells in suspension include fluorescence-activated cell sorting 
25 (FACS), immunological panning, magnetic bead separation, and affinity 

chromatography. The specific copurification method will depend on availability 
of materials, the type of target cell subpopulation, and other factors determinable 
by those skilled in the art 

The oell population used in conjunction with the present method may 
30 include whole tissue sections, such as frozen tissue sections, in which the target 
cell population is identifiable. Exemplary methods for identifying and isolating 
target cell subpopulations may include use of irnmunohistochemical markers, 
physical location of cell populations, or other methods known and used by those 
skilled in the art In practicing the present invention using tissue sections, the 
35 tissue section is incubated with the phage antibody library under conditions 

sufficient to bind phage particles to the target cells. The target cells and the bound 
phage particles are then rnicrodissected from the tissue section, the phage 



PCT/US94/05124 

WO 94/2(787 

6 

particles are recovered and amplified, and monoclonal antibpdies are isolated in 
accordance with the method described above. 

The preferred embodiment of the invention makes use of the phenotypic 
characteristics of the target cells to identify phage antibodies of interest by means 
5 of their binding to the target cells. In an alternative embodiment, phage 

antibodies are selected if they are shown to have an identifiable and preselected 
function, as compared with other phage antibodies without such function. 

In that embodiment, phage antibodies may be assayed, for example, for 
the functional consequences of a phage antibody-target cell binding. One assay 
10 may be to measure intracellular calcium concentration. Another effective assay 
may be used to detect cell activation, cell proliferation, or cell killing, or the 
blocking of these activities. Yet another assay may be to analyze the expression of 
preselected genes. Other functional methods of identifying phage antibodies 
known and available to those skilled in the art may be used. 

15 In practicing the present invention, the resulting phage antibody library 

may contain antibodies reactive to antigens unique to the target cells and 
antibodies reactive to antigens present on both the target cells and non-target 
cells. It may be desirable to selectively remove the antibodies reactive to antigens 
not unique to the target cells. This may be accomplished by preadsorbing the 

20 phage antibody library with an excess of non-target cells to immunologically 
remove phage antibodies directed against antigens present on non-target cells. 
This additional step may be performed either prior to incubating the phage 
antibody library with the cell population, or prior to isolating monoclonal 
antibodies from the enriched library. 

25 Alternatively, it is possible to preincubate the cell population with a 

saturating amount of antibodies having known specificity prior to incubating the 
N cell population with the phage antibody library. This immunologically blocks the 
known antigen binding sites on the target cell surface, and avoids enriching phage 
antibodies having the known specificity. 

30 The goal of selectively enriching phage antibodies directed against antigens 

present only on target cells and not on non-target cells can also be achieved by 
DNA subtraction hybridization. In this method, two cell type specific phage 
antibody libraries are generated using the present inventive method, one for the 
target cells and one for the non-target cells. DNA encoding antibodies directed 

35 against antigens present on both cell types are then removed from the first library 
by hybridizing DNA from the first library to an excess of DNA from the second 
library and subsequently removing the annealed hybrids. The resulting 
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subtracted phage antibody library will then contain mostly antibodies directed 
against antigens unique to the target cells. Standard methods of DNA subtraction 
hybridization known to those skilled in the relevant art, or variations of these 
methods, may be used in this step. 

5 The invention is further described in the following non-limiting examples. 
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FXRMTLIFICATION 

Example 1 

Laboratory mice are immunized against KGla cells by injection of the cells 
5 intraperitonially three times at intervals ranging from six weeks to six months. 
The KGla cell line is an available human myeloblastoid cell line, and is 
characterized in several publications, including Koeffler et aL, Blood 56, 265-273 
(1980). 

Six days following the last injection, spleen cells are isolated from the 
10 animals, lymphocytes are separated on a Ficoll-Paque™ gradient, commercially 
available from Pharmacia LKB Biotechnology, Inc., Piscataway, New Jersey, and 
total RNA is prepared using standard, known techniques. A combinatorial phage 
antibody library of 10 7 recombinants is prepared using standard protocols as 
described in Barbas et aL, Methods 2, 119-124 (1991), and as described in further 
15 detail below. 

KGla cells are incubated with phage particles from the combinatorial 
library in binding buffer on ice for 30 minutes, and then spun through a calf 
serum cushion three times. Phage particles bound to the surface of the cells are 
eluted in an acid buffer (such as 0.1 M HO, adjusted with glycine to pH 22; and 
20 BSA lmg/ml), recovered, and used to infect XLl-Blue bacteria, available from 
Stratagene Cloning Systems, La Jolla, California. The phagemids in the infected 
bacteria are expanded in culture and rescued with helper phage VCSM13 to yield 
an enriched phage antibody library. The library is then used in another round of 
enrichment. 

25 This enrichment process is repeated several times, four times in this 

example. Table 1 lists the number of phage particles recovered after each round 
of enrichment, showing a steady increase in the number of recovered phage 
particles after each round. In contrast, a negative control experiment (results not 
shown) using mouse thymocytes as the target cells for binding with the phage 

30 shows no increase in the number of phage particles recovered. 
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Enrichment of phage antibodies by direct affinity seLection on the cell 

surface 

Round 1 Round 2 Round 3 Round 4 

5 No. phage 2x10$ 8x10$ 20x10$ 20x10$ 

recovered 

Antigen binding fragments of the antibodies (Fab fragments) are produced 
from either the unenriched library or the final library after four rounds of 
enrichment and tested for reactivity to the KGla cells by indirect fluorescence- 
10 activated cell sorting (FACS) analysis. FIGURES 3(a) through 3(d) are histograms 
showing fluorescence patterns of KGla cells and mouse thymocytes stained with 
the unenriched (a,c) or enriched (b,d) antibody libraries. The abscissa indicates 
relative fluorescence intensity and the ordinate indicates relative cell number. 

The staining of KGla with the unenriched library (a) is no different from 
15 that of the background, whereas staining with the enriched library (b) gives 
signals approximately twenty times more intense. In contrast, the staining of 
mouse thymocytes with either the unenriched (c) or enriched (d) libraries are both 
indistinguishable from the background. The KGla cells and mouse thymocytes 
have different autofluorescence patterns, thus accounting for the difference in 
20 background staining. These results demonstrate mat phage antibody libraries can 
be enriched by the inventive method of direct affinity selection on the cell surface 
tb generate monoclonal antibodies highly reactive to target cells. 

To determine the fraction of monoclonal antibodies in the enriched phage 
antibody library that are specific for KGla cells, Fab fragments are produced 

25 separately from ten individual clones picked at random from the library. FACS 
analysis of these samples (results not given) shows that the Fab fragments from all 
of the ten clones strongly react with KGla cells and with variable patterns, 
indicating that all of the ten monoclonal antibodies are specific for KGla and 
probably recognize at least several different surface antigens on the cells. By 

30 extension, the entire enriched antibody library most likely contains a large 

number of monoclonal antibodies recognizing many different surface antigens on 
KGla cells. 

Example 2 

KGla cells, which bear the human CD34 antigen on their surface, are 
35 stained with CD34-specific antibodies according to Civin et ai, JJmmunol 133, 
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157-165 (1984), and spiked at a ratio of 1 to 10 or 1 to 100 into mouse thymocytes, 
which are CD34 antigen negative. The cell mixtures are incubated with an 
unenriched phage antibody library and sorted for CD34 antigen positive (CD34+) 
cells by FACS. Phage particles bound on the surface of the sorted cells are 

5 recovered by acid elution and used to infect XLl-Blue bacteria. An enriched 
phage antibody library is then produce by helper phage rescue of the phagemids 
in the infected bacteria and used in another round of enrichment As shown in 
Table 2, the number of phage particles recovered from the sorted CD34+ cells 
increases dramatically after three rounds of selection, suggesting effective 

10 enrichment of specific phage antibody by the copurif ication method described in 
detail above. 

Enrichment of phage antibodies by copurification with target cells 

(a) KGla and mouse thymocytes at a ratio of 1:10 

15 Round 1 P ound? Pound 3 

No. CD34+ cells sorted 250,000 250,000 283,000 
No. phage recovered 1.5 xlO 4 4.5 xlO 4 SOxlO 4 

(b) KGla and mouse thymocytes at a ratio of 1:100 

Pou nd 1 Pound % Pound 3 
20 No. CD34+ cells sorted 52,000 63,000 80,000 

No. phage recovered 0.6 xlO 4 1.6 xlO* 10x10* 



Fab fragments are produced from the enriched library and used for 
staining KGla and mouse thymocytes. FACS analysis using these Fab fragments 

25 show a strong reaction with the KGla cells but no reaction with the mouse 

thymocytes (results not shown). Fab fragments from the unenriched library give 
signals similar to the background This result demonstrates the feasibility of 
producing specific monoclonal antibodies directed against a rare population of 
cells using the combined strategies of cell surface selection and target cell 

30 copurification. 
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Although the foregoing invention has been described in some detail by 
way of illustration and example for purposes of clarity of understanding, it will be 
obvious that certain changes and modifications may be practiced within the scope 
of the invention claimed herein, 

5 All cited literature are incorporated by reference in their entirety. 
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We claim: 

1. Method for generating monoclonal antibodies directed against 
previously uncharacterized and unpurified antigens on the surface of target 
cells in a cell population, using a combinatorial library of antibodies 
5 expressed on the surface of filamentous phage particles, the method 

comprising the steps of: 

A. incubating the library with the target cells under conditions 
sufficient to bind a portion of the phage particles to the target cells; 

B. separating the target cells and the bound phage particles from 

10 unbound phage particles; 

C. recovering the phage particles bound to the target cells; 

D. amplifying the bound phage particles to create an enriched 
library; and 

E. isolating from the enriched library monoclonal antibodies 
15 specific for the target cells. 

2. The method of claim 1, wherein the target cells comprise a 
phenotypically defined target cell subpopulation and the cell population 
comprises a heterogeneous cell population, the method further comprising, 

20 prior toStep A: 

purifying the target cell subpopulation from the heterogeneous cell 

N population. 

3. The method of claim 1, wherein the target cells comprise a 
25 phenotypically defined target cell subpopulation and the cell population 
comprises a heterogeneous cell population, wherein Step B comprises: 
copurifying the target cell subpopulation and the bound phage 
particles from the heterogeneous cell population and unbound phage 
particles. 
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4. The method of claim 3, wherein Step B further comprises: 
copurifying the target cells and the bound phage particles by one 

method selected from the group consisting of: fluorescence-activated cell 
5 sorting (FACS); immunological panning; magnetic bead separation; and, 
affinity chromatography. 

5. The method of claim 1, wherein the target cells comprise a defined cell 
type in a frozen tissue section, and Step B comprises: 

10 identifying the target cells by immunohistochernistry; and 

microdissecting the target cells and the bound phage particles from the 
tissue section. 

6. The method of claim 1, wherein the phage particles are phage 
15 antibodies, and wherein Step B comprises: 

identifying functionally important phage antibodies bound to the 
target cells by assaying for tine consequences of a phage antibody-target cell 
binding using one assay selected from the group consisting of: measuring 
intracellular calcium concentration; detecting cell activation, cell proliferation, 
20 or cell killing; detecting blocking of cell activation, cell proliferation, or cell 
killing; and, analyzing expression of preselected genes. 

\ 
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AMENDED CLAIMS 

[received by the International Bureau on 24 October 1994 (24.10.94); 
original claims '6 and 7 replaced by new claim 6 
other claims unchanged (3 pages)] 

1. Method for generating monoclonal antibodies directed against previously 
uncharacterized and unpurified antigens on the surface of target cells in a cell 
population, using a combinatorial library of antibodies expressed on the surface 
5 of filamentous phage particles, the method comprising the steps of: 

A. incubating the library with the target cells under conditions 
sufficient to bind a portion of the phage particles to the target cells; 

B. separating the target cells and the bound phage particles from 

unbound phage particles; 
10 c. recovering the phage particles bound to the target cells; 

D. amplifying the bound phage particles to create an enriched library; 

and 

E. isolating from the enriched library monoclonal antibodies specific 
for the target cells. 

15 

2. The method of claim 1, wherein the target cells comprise a cell line. 

3. The method of claim 1, wherein the target cells comprise a phenotypically 
defined target cell subpopulation and the cell population comprises a 

20 heterogeneous cell population, the method further comprising, prior to Step A: 
purifying the target cell subpopulation from the heterogeneous cell 
population. 

4. The method of claim 1, wherein the target cells comprise a phenotypically 
25 defined target cell subpopulation and the cell population comprises a 

heterogeneous cell population, wherein Step B comprises: 

copurifying the target cell subpopulation and the bound phage particles 
from the heterogeneous cell population and unbound phage particles. 
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copurifying the target cells and the bound phage particles by one method 
selected from the group consisting of: fluorescence-activated cell sorting (FACS); 
immunological panning; magnetic bead separation; and, affinity chromatography. 

5 6. The method of claim 1, wherein the target cells comprise a defined cell type 
in a frozen tissue section, and Step B comprises: 

identifying the target cells by immunohistochemistry; and 
microdissecting the target cells and the bound phage particles from the 
tissue section. 

10 

7. The method of claim 1, wherein the phage particles are phage antibodies, 

and wherein Step B comprises: 

identifying functionally important phage antibodies bound to the target 
cells by assaying for the consequences of a phage antibody-target cell binding 
15 using one assay selected from the group consisting of: measuring intracellular 
calcium concentration; detecting cell activation, cell proliferation, or cell killing; 
detecting blocking of cell activation, cell proliferation, or cell killing; and, 
analyzing expression of preselected genes. 
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8. The method of claim 1, further comprising the step of, prior to Step A: 
preadsorbing the phage antibody library with an excess of non-target cells, 

to immunologically remove phage antibodies directed against antigens present on 
non-target cells. 

9. The method of claim 1, further comprising the step of, prior to Step A: 
preincubating the target cells with a saturating amount of preselected 

antibodies having known affinity in order to block binding sites on the target cells 
for the preselected antibodies. 

10. The method of claim 1, further comprising the step of, prior to Step E: 
adsorbing the phage antibody library with an excess of non-target cells to 

immunologicaUy remove phage antibodies directed against antigens present on 
non-target cells. 

11. The method of claim 1, further comprising the step of, prior to Step E: 
removing, from the enriched library, phage antibodies directed against 

antigens present on non-target cells by DNA subtraction hybridization. 
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12. The method of claim 1, further comprising, the step of, after Step D, 
reiterating Step A through Step D to further enrich the library. 

13. The cell-type specific phage antibody library produced by the process of 
claim 1. 

14. The monoclonal antibodies generated from the cell type specific phage 
antibody library produced by the process of claim 1. 
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